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Abstract A new concept of fabrication, immobiliza-
tion, and distribution of bimetallic PtRu nanoparticles
leading to enhancement of the electrocatalytic oxida-
tion of ethanol is proposed. The approach utilizes poly
(diallyldimethylammonium chloride), PDDA, to func-
tionalize multi-walled carbon nanotubes (MWCNTs)
and to produce a novel support for synthesized PtRu
nanoparticles as well as further modification of the
catalytic surfaces with ultra-thin layers of phosphodo-
decamolybdate (PMo12O40
3−). Remarkable increases of
electrocatalytic currents measured under voltammetric
and chronoamperometric conditions have been observed.
Parallel experiments performed with use of commercial
PtRu nanoparticles confirm existence of enhancement
effects originating from application of PDDA-modified
MWCNTs and phosphomolybdate.
Keywords Electrocatalysis . Ethanol oxidation . Bimetallic
PtRu nanoparticles . Carbon nanotubes . Poly
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Introduction
There has been growing recent interest in the direct ethanol
fuel cell technology as an alternative to the more estab-
lished methanol analogs. In this respect, slow kinetic of
electrooxidation of ethanol under conditions of operation of
low-temperature fuel cells is one of the major limiting
factors [1–3]. Electrooxidation of ethanol is certainly a
much more complex process than oxidation of methanol
because it requires breaking of C–C bonds followed by
removal of CO poisoning species (adsorbates). In addition
to a serious problem of poisoning of the catalytic interface,
the appearance of acetaldehyde and acidic acid as undesir-
able intermediates remains a crucial limiting factor in the
development and commercialization of ethanol fuel cells.
Several bi- and tri-metallic platinum-based catalysts were
proposed to solve or minimize the above problems [4–8],
but their utilization is still a kind compromise between
partial activation and blocking of active sites on nano-
structured platinum surfaces.
The currently considered most active catalytic materials
for electrooxidation of ethanol are platinum-based nano-
alloys with tin or ruthenium. Although systems utilizing
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carbon supported PtSn nanoparticles are often viewed as
the most efficient catalysts [9–12], the limited stability of
tin complicates their long-term application in real ethanol
fuel cells. Therefore, we consider here the bimetallic PtRu
system characterized by superior stability and reasonable
activity towards electrooxidation of ethanol as an attractive
object for further investigations and modifications.
The enhanced activity of bimetallic systems, such as
PtRu or PtSn, over platinum alone is mainly due to the so-
called bifunctional mechanism in which the second metal
provides the surface active –OH groups capable of
oxidation of the reaction by-products (mainly CO mole-
cules) otherwise strongly adsorbing and passivating Pt
surface [13–16].
Due to the high cost of the catalytic materials that
include electrocatalysts for fuel cells, it is important to
utilize appropriate carriers, supports, or matrices capable of
enhancing the systems’ catalytic activities. At present,
nanostructured carbon (Vulcan) is the most popular carrier
for catalytic noble metal nanoparticles of importance to fuel
cell research. Recent studies clearly show that application
of carbon nanotubes as carriers may result even in higher
electrocatalytic activities in comparison to conventional
carbon nanoparticles. But, to achieve this goal, graphene
surfaces of carbon nanotubes need to be chemically
modified or functionalized [17]. Properly functionalized
MWCNTs not only assure physical separation and large
dispersion of reactive sites at the catalytic interface but they
also act as rigid templates for well-shaped and uniformly
sized noble metal nanoparticles [17].
In the present work, we have elucidated the influence of
supports composed of the poly(diallyldimethylammonium
chloride)/PDDA functionalized multi-walled carbon nano-
tubes (MWCNTs) and Keggin-type heteropolymolybdate
(phosphododecamolybdate, PMo12O40
3− or PMo12) modi-
fying agent on catalytic activity of the PtRu nanoparticles
during electrooxidation of ethanol. With respect to use of
PMo12, we have referred to numerous examples in the
literature [18–22] demonstrating electrocatalytic properties
of polyoxometallates. In particular, it was reported that
modification of PtSn or PtRu catalytic nanoaprticles with
ultra-thin layers of PMo12 led to the enhancement of their
activities during oxidation of ethanol [23]. To fabricate
novel multifunctional composite catalytic nanostructures
material with even more pronounced electrocatalytic
properties towards electrooxidation of ethanol, we com-
bine here advantages coming from the modification of Pt-
based nanoparticles with polyoxometallates [24–26] with a
unique concept of the synthesis of nanoparticles on the
polymer-functionalized MWCNTs [17]. Our electrochem-
ical studies are supported with transmission electron




All chemicals were commercial materials of analytical
grade purity. The reagents and materials used were: PtRu
nanoparticles (ratio 1:1, Alfa Aesar), phospododecamolyb-
dic acid (Aldrich), ethanol (Fluka), multi-walled carbon
nanotubes, ( diameter 20–30 nm, SYST Integration PTE
LTD), hexachloroplatinic (IV) acid (H2PtCl6, Sigma–
Aldrich), potassium chloride (Aldrich), ethylene glycol
(Fluka), H2SO4, poly(diallyldimethylammonium chloride)
(20 wt.% in water, MW=5,000–40,000, Sigma–Aldrich),
and a Nafion solution (5% in isopropanol).
Solutions were prepared using doubly distilled and
subsequently deionized (Millipore Milli-Q) water. Argon
was used to deaerate the solutions and to keep air-free
atmosphere over the solution during the measurements.
Functionalization of MWCNTs by PDDA
MWCNTs were functionalized with PDDA polyelectrolyte
as reported earlier [27]. MWCNTs (100 mg) were ultra-
sonically suspended in deionized water (400 mL) in the
presence of PDDA (0.5 wt.%) and KCl (1 wt.%) to yield a
stable suspension of nanotubes. The suspension was
filtrated through a nylon membrane (pore size 0.2 μm),
washed several times to remove excess PDDA and KCl,
and then dried in a vacuum oven at 70 °C for 24 h.
Modification of the Commercial PtRu Nanoparticles
with H3PMo12O40
Preparation of the PMo12-modified PtRu nanoparticles was
done as follows: 5.5 mg of Pt nanoparticles was dispersed
within 400 μl of aqueous 5 mmol dm−3 H3PMo12O40. The
suspension was subsequently sonicated for 24 h and, later,
centrifuged. Then, supernatant solution was replaced with
fresh heteropolyacid solution, and the above procedure was
repeated three to four times to produce a stable colloidal
suspension.
Synthesis of PtRu Nanoparticles on MWCNTs
Synthesis of the PtRu nanoparticles on PDDA-functionalized
MWCNTs was done as follows: 30 mg of PDDA-MWCNTs
were mixed with an approximate amount of H2PtCl6 and
RuCl3 (at a molar ratio of Pt to Ru 1:1) in ethylene glycol
solution in a beaker under ultrasonication. The beaker was
placed in a microwave oven and heated for 2 min. The
solution changed from light yellow to dark brown, indicating
the reduction and formation of PtRu nanoparticles on
MWCNTs. The solution was then filtered using a nylon
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filter membrane and washed; the filtration was repeated
several times. The PtRu electrocatalysts obtained on PDDA-
functionalized MWCNTs (PtRu/PDDA/MWCNTs) were
dried in a vacuum oven at 70 °C for 24 h. Polyoxometallate
(PMo12) was introduced into the PtRu/PDDA/MWCNTs
system according to the procedure described earlier [23] for
stabilization of commercial PtRu nanoparticles.
Characterization
The morphology of catalytic particles was monitored using
a HITACHI HD2700 transmission electron microscope
(TEM) operating at voltage 200 kV. Samples for TEM
measurements were prepared by placing of colloidal solutions
of nanoparticles on Formvar Film (Agar Scientific) grids and
subjecting them to drying (400 mesh Cu).
All electrochemical measurements were performed in a
three electrodes configuration using Autolab workstation.
The reference electrode was the K2SO4 saturated Hg2SO4
electrode; and a platinum foil was used as a counter
electrode. All potentials have been recalculated and
expressed versus the reversible hydrogen electrode.
XPS Measurements
XPS experiments were performed on commercially avail-
able unsupported (csrbon-free) PtRu nanoparticles (Alfa
Aesar), in order to avoid overlapping between C1s and Ru
3d signals [28,29]. The XPS apparatus consisted of
hemispherical energy analyser PHOIBOS 100, HSA
3500 Power Supply and X-ray Source xR50 (all made by
SPECS GmbH). Unmodified nanoparticles were deposited
on a gold disk, used as a XPS holder, from pure water
suspension (no Nafion used). A droplet of the nanoparticle
suspension in water was deposited on the gold holder and
left to dry in ambient atmosphere. In a case of measure-
ments involving polyoxometallate-modified nanoparticles,
the procedure utilized a suspension of nanoparticles in
5 mmol dm−3 PMo12 water solution. A droplet of this
suspension was subsequently deposited on the gold XPS
holder and dried. The deposit was rinsed with water for
5 min and dried prior to XPS experiment. Such treatment
assured full removal of all of the heteropolyacid that was
not attached to the nanoparticle surface.
Results and Discussion
Modification of Commercial PtRu Nanoparticles:
Physicochemical Characterization
We have utilized commercial PtRu nanoparticles modified
(stabilized) with PMo12 to comment on the possible
enhancement effect originating from the presence of a
modifying agent at the catalytic interface. The positive role
of phosphododecamolybdic acid in electrocatalysis was
demonstrated in our previous works [21,23]. Voltammetric
responses of PtRu system (a) before and (b) after
stabilization with PMo12 are shown in Fig. 1 (solid lines).
A cyclic voltammogram recorded for the bare system
corresponds to the typical response of PtRu catalyst [13].
Indeed, its behavior is characterized by the lack of well-
defined surface processes in the double-layer region [30].
After introducing the surface-adsorbed PMo12-modifying
agent, we can observe some changes in the electrochemical
characteristics of the investigated system. This modification
results in increase of the overall electrocatalytic surface and
in appearance of some peaks corresponding to the sequen-
tial reversible two-electron redox processes taking place in
the potential region characteristic of oxidation/reduction
reaction of phosphododecamolybdate [31]. Unlike the
electrochemical behavior of PMo12 adsorbed on the carbon
substrates, phosphododecamolybdate immobilized on noble
metal nanoparticles is characterized by overlapping peaks,
and it produces broad peak signals, namely an anodic peak
at ca. 0.1 V and a quasi-reversible system with anodic and
cathodic peak potentials at 0.45 and 0.4 V, respectively.
This observation corresponds to the previous investigations
[23]. To change morphology and to further increase
electrochemical surface, we have dispersed PMo12-modi-
Fig. 1 Cyclic voltammograms of PtRu catalysts: pure (a), stabilized
with PMo12 (b), stabilized with PMo12 and additionally supported
onto PDDA-MWCNTs (c), recorded in 0.5 mol dm−3 H2SO4 (solid
lines) and following addition of 0.5 mol dm−3 ethanol (dashed lines)
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fied PtRu nanoparticles (PtRu/PMo12) on carbon nano-
tubes. The use of the MWCNTs was preceded by their
functionalization with PDDA according to the procedure
described in the experimental section. In accordance to the
previous reports [32], PDDA-functionalized MWCNTs
exhibit desirable properties as carriers or supports for
dispersed noble metal catalytic centers. The presence of
the PDDA should not only to enhance activity of the
carbon substrate but also to produce well-defined multi-
component system. In particular, PtRu nanoparticles
modified with negatively charged PMo12 are expected to
interact electrostatically with positively charged PDDA-
functionalized MWCNTs. Thus, the assembled PtRu
nanoparticles should be stabilized and largely dispersed.
The cyclic voltammetric behavior of such system is shown
in Fig. 1, Curve c (solid line).
Upon assembling PtRu/PMo12 nanoparticles onto
PDDA-functionalized MWCNTs, the system has been
investigated using transmission electron microscopy to
determine their sizes and distribution. It is apparent from
Fig. 2 that nanoparticles are quite uniformly distributed
across the carbon nanotube carriers despite that fact that
they show some tendency to form aggregates of the average
size of 15–20 nm.
Figure 1 (dashed lines) illustrates cyclic voltammetric
responses recorded in the presence of ethanol of the PtRu
system, bare and assembled onto MWCNTs before and
after modification with PMo12. Each modification step
should result in the increase of surface area. The highest
current has been observed for the MWCNT-supported
particles. Chronoamperometric curents, which have been
recorded at different potentials (Fig. 3, Curves A, B) and
during 1-h measurements at 0.4 V (Fig. 4) tend to increase
significantly with each modification step. The enhancing
effect of PMo12 on PtRu catalytic system during electro-
oxidation of ethanol was demonstrated in our previous
paper [23]. In the present work, we have used polyoxome-
tallate not only as a modifying agent but also as a tool to
minimize tendency of PtRu nanoparticles to undergo
agglomeration, namely through their stabilization. The
observed increases in catalytic currents (Figs. 3 and 4)
Fig. 2 a, b TEM images of PMo12 stabilized PtRu nanoparticles
assembled onto PDDA-MWCNTs support
Fig. 3 Chronoamperometric electrooxidation of ethanol (0.5 mol dm−3
solution) recorded at 0.3 V (a), and 0.5 V (b), for different PtRu-based
electrocatalysts/pure nanoparticles (a), stabilized with PMo12 (b),
stabilized with PMo12 and supported onto PDDA-MWCNTs (c).
Electrolyte: 0.5 mol dm−3 H2SO4
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shall be attributed to both changes in the chemical
environment around catalytic centers and to changes in
their morphology leading to increase of the overall catalytic
surface. In particular, assembling of catalytic nanoparticles
onto MWCNTs results in the further enhancement of their
catalytic activity presumably through the significant in-
crease of electrocatalytic surface area and better distribution
of the active centers across the catalytic film.
PtRu Nanoparticles Synthesized
onto PDDA-Functionalized MWCNTs
PDDA-functionalized MWCNTs has also been used as a
template at which synthesis of PtRu nanoparticles has been
performed. It was demonstrated before that PDDA-
MWCNTs could serve as a very useful support for
synthesis of platinum and also palladium sheets [32]. Also,
bimetallic PtRu nanoparticles were synthesized using
similar method but instead PDDA 1-aminopyrene was used
[17]. In the present work, we adapted the approach
mentioned above to fabricate the PtRu alloyed nano-
particles on PDDA functionalized MWCNTs. Having in
mind the positive role of the PDDA-functionalized
MWCNTs on activity of commercial PtRu nanoparticles
towards electrooxidation of ethanol, a similar enhancement
effect on smaller, just synthesized, PtRu nanoparticles can
be envisioned. The mechanism of fabrication of such PtRu
nanoparticles has involved first self-assembling of nega-
tively charged Pt precursors, PtCl6
2−, on PDDA-
functionalized MWCNT, followed by the subsequent
attachment of positively charged Ru precursors, Ru3+.
Formation of the metallic nanoparticles on the carbon
substrate has been achieved through reduction of the
adsorbed precursors by ethylene glycol with the assistance
of a microwave treatment.
Fig. 5 a, b TEM images of PtRu nanoparticles synthesized on
PDDA-MWCNTs
Fig. 4 Chronoamperometric one-hour electrooxidation of ethanol
recorded at 0.4 V for different PtRu-based electrocatalysts/pure nano-
particles (a), stabilized with PMo12 (b), stabilized with PMo12 and
supported onto PDDA-MWCNTs (c). Electrolyte: 0.5 mol dm−3 H2SO4
Fig. 6 Cyclic voltammograms of PtRu nanoparticles synthesized on
PDDA-MWCNTs support (a), and subsequently stabilized with
PMo12 (b), registered in 0.5M H2SO4 (solid lines) and after addition
of 0.5 mol dm−3 ethanol (dashed lines)
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Morphology of PtRu nanoparticles synthesized on
PDDA-functionalized carbon nanotubes was examined
using transmission electron microscopy. It is evident from
Fig. 5 that particles were successfully synthesized, and they
are characterized by uniform size and distribution across the
tubes. The average particle diameter can be estimated on
the level 4—5 nm. Although most of carbon tubes were
uniformly covered with PtRu nanparticles, there have been
still some “bare regions” on the MWCNT surfaces most
probably due to the absence of PDDA in such areas for the
adsorption of precursors mentioned above.
Cyclic voltammetric characterization of PtRu/PDDA/
MWCNTs is illustrated in Fig. 6, Curve A (solid line).
Further modification with PMo12 has been achieved through
stabilization of PtRu/PDDA/MWCNTs with phosphomolyb-
date anions. Electrochemical response after introduction of
heteropolyacid into the investigated system is shown in
Fig. 6b (solid line). Presence of the PMo12 is clearly visible
from appearance of the peaks characteristic of the PMo12
redox reactions [22,33]. It was demonstrated before that
PMo12 showed strong tendency to adsorb on carbon
substrates [33,34], realistically much more strongly than
on metallic ones. In the presence of MWCNTs, larger
amounts of phosphododecamolybdates exist at the electro-
Fig. 8 Long-term chronoamperometric electrooxidation of ethanol
recorded at 0.4 V for PtRu nanoparticles synthesized on PDDA-
MWCNTs support (a) and additionally stabilized with PMo12 (b)
Electrolyte: 0.5 mol dm−3 H2SO4
Fig. 7 Chronoamperometric electrooxidation of ethanol registered at
0.3 V (a) and 0.5 V (b) for PtRu nanoparticles synthesized on PDDA-
MWCNTs support (curves a), and additionally stabilized with PMo12
(curves b)
Fig. 9 XPS spectra of Pt 4f region for PMo12 (modified and
unmodified) carbon-unsupported PtRu nanoparticles. BEs of Pt 4f7/2
electrons, for bulk, metallic Pt is marked with a vertical line
Fig. 10 XPS spectra of Ru 3d region for PMo12 modified and
unmodifed unsupported PtRu nanoparticles. BEs of Ru 3d5/2 electrons,
for bulk, metallic Ru and RuO2 are marked with vertical lines
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catalytic interface, i.e. in the vicinity of bimetallic PtRu
active centers.
It is noteworthy that PtRu nanoparticles synthesized onto
MWCNTs exhibit as a rule a superior performance during
electrooxidation of ethanol both under voltammetric (Fig. 6,
dashed lines) and chronoamperometric conditions (Figs. 7
and 8). Comparison of the behavior of commercial PtRu
nanoparticles to the performance PtRu catalyst (at the same
loading) synthesized on the MWCNTs implies much higher
electrocatalytic activity of the latter system. It is reasonable
to expect that PtRu nanoparticles fabricated on PDDA-
covered MWCNTs are characterized by more uniform
distribution and smaller sizes in comparison to commercial
PtRu. In addition, large population of PMo12 (previously
demonstrated to enhance activity of PtRu and PtSn [23])
existing at MWCNT-containing interface is also responsible
for the electrocatalytic enhancement effect due to possible
interactions between heteropolyacid and noble metal active
centers. This effect is visible at all investigated potentials
during chronoamperometric measurements (Figs. 7 and 8).
XPS Study
XPS core-level spectra have been recorded for unmodified
and PMo12-modified unsupported PtRu samples. Based on
comparison of the Pt 4f spectra, no significant differences
can be observed (Fig. 9). Pt is in the elemental state, and it
is characterized by Pt 4f7/2 binding energy (BE) electrons
slightly (ca. 0.3 eV) higher than those for bulk Pt (71.1 eV,
marked with vertical line), and such phenomenon is often
reported for nanoparticles containing Pt [35]. But the Ru 3d
region reveals a change in the Ru oxidation state (Fig. 10)
from RuO2 for unmodified unsupported PtRu nanoparticles
to metallic Ru in the presence PMo12 in a case of modified
unsupported PtRu nanoparticles. It seems that PMo12 acts as
a reducing agent. This observation is opposite to the recently
observed oxidation of Sn in the case of PtSn nanoalloys
modified with phosphomolybdates [23]. But it must be
remembered that PMo12 (which undergoes multi-electron
redox transitions) can act as an oxidizing or a reducing agent
[18]. Thus, it can oxidize tin, but it cannot oxidize nobler
ruthenium. In other words, PMo12 does not have sufficient
oxidizing power to oxidize metallic Ru. Further, there are
reasons to believe that in the presence of PMo12, interfacial
reduction of ruthenium oxo-species occurs.
Obviously, the oxidation state of ruthenium affects
significantly the electrocatalytic properties of bimetallic PtRu.
When it comes to methanol electrooxidation, there is no
agreement about the oxidation state of Ru existing in PtRu
system and conditions for the most active electrocatalytic
performance. It has been suggested that Ru may exist either in
a form of Ru oxo species [36,37] or metallic Ru [38–42]. Of
course, metallic Ru sites must be covered by some oxygen-
containing surface groups (e.g., –OH) to act effectively in
the bi-functional mechanism. Our current data suggest that
the reduced form of Ru enhances the catalytic activity of the
system towards ethanol electrooxidation.
Conclusions
Modification of commercially available PtRu nanoparticles
with PMo12, and their subsequent dispersion on the PDDA-
functionalized MWCNTs, leads to significant increase of
the system’s catalytic activity towards electrooxidation of
ethanol. Functionalization of the MWCNTs with PDDA
leads to the formation of highly active carbon-type supports
(nanostructured carriers), as well as it permits uniform
immobilization and distribution of noble metal catalytic
nanoparticles at the electrocatalytic interface.
Alternatively, PtRu nanoparticles can be fabricated on
PDDA-functionalized MWCNTs, and they are character-
ized by small sizes and uniform distribution across the
supporting nanotubes. The overall increase of the systems’
electrocatalytic properties may be achieved through inter-
facial modification and stabilization of both PtRu nano-
particles and carbon substrates with polyoxometallate
(PMo12). The role of PMo12 may include changes in
morphology, sizeable increase of the electrochemical
surface area as well as chemical or electronic interactions
of polyoxometallate with ruthenium sites including possible
chemical reduction of Ru oxo species to metallic Ru.
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